Introduction
Recent discoveries have highlighted the interrelationship of the packaging of the eukaryotic genome in chromatin and regulated processes such as transcription. Alterations in chromatin structure are often a prerequisite for transcriptional regulation. The nucleosome, the basic subunit of chromatin, is a major target for such alterations. Various enzymes change the nucleosome structure and mediate transcriptional regulation via`chromatin remodelling'. These enzymes include histone acetyltransferases and histone deacetylases, histone kinases and ATP-dependent nucleosome remodelling factors (reviewed in Workman and Kingston, 1998; Kingston and Narlikar, 1999) . ATPdependent nucleosome remodelling factors function as complexes, ranging from heterodimers to complexes of 12 or more subunits. Central to their function are ATPases with a conserved domain structure. Some of these ATPases are similar to the yeast SWI2/SNF2 ATPase, others are of the CHD type or of the ISWI-type (Kingston and Narlikar, 1999) .
Three different chromatin remodelling complexes, isolated from Drosophila embryos, contain the ISWI ATPase: (i) nucleosome remodelling factor (NURF; Tsukiyama and Wu, 1995) ; (ii) ATP-utilizing chromatin assembly and remodelling factor (ACF; Ito et al., 1997) ; and (iii) chromatin accessibility complex (CHRAC; Varga-Weisz et al., 1997) . Apart from the shared ISWI, no common subunits were reported for these complexes. Yeast Saccharomyces cerevisiae contains two highly similar genes with homology to Drosophila ISWI. Nevertheless, their gene products form functionally and biochemically different complexes (Tsukiyama et al., 1999) . In human, two very similar ISWI homologues, hSNF2L (Okabe et al., 1992) and hSNF2H (Aihara et al., 1998) , have been described. A heterodimeric complex termed RSF (remodelling and spacing factor) containing hSNF2H recently was puri®ed from HeLa cell nuclear pellet (LeRoy et al., 1998) . The other subunit of RSF is a novel 325 kDa protein. RSF facilitates regular spacing between nucleosomes and allows transcription initiation from a nucleosomal promoter.
The ®nding of three different ISWI-containing complexes in Drosophila early embryos raises the question of whether they represent a limited number of functional units with an evolutionarily conserved subunit composition, or whether they are just a small sample of a much larger number of complexes that form as a result of promiscuous interaction with ISWI. The necessity for rapid replicationassociated chromatin assembly in Drosophila embryos may in¯uence the abundance and composition of ISWIcontaining chromatin remodelling factors as compared with, for example, much slower dividing HeLa cells. The subunit composition and biochemistry of ISWI complexes in cells other than those from Drosophila embryos may provide clues about the in vivo function of ISWI.
Here we report the characterization of a human ISWIcontaining complex, human CHRAC (HuCHRAC), puri®ed from HeLa cell nuclear extracts. HuCHRAC contains subunits that are conserved in Drosophila ISWI complexes: hACF1, the human homologue of Drosophila Acf1, a subunit of ACF, and the human counterparts of two novel histone-fold proteins that are part of Drosophila CHRAC. This demonstrates conservation of ISWI complexes between Drosophila embryo cells and human cells, despite their physiological differences, and indicates a conserved function for ISWI. The N-terminal part of HuCHRAC, a human ISWI chromatin remodelling complex contains hACF1 and two novel histone-fold proteins The EMBO Journal Vol. 19 No. 13 pp. 3377±3387, 2000 ã European Molecular Biology Organization mouse ACF1 recently was shown to target pericentric heterochromatin upon cell differentiation (Tate et al., 1998) , and we discuss potential implications of this ®nding concerning the function of HuCHRAC.
Results
Puri®cation of a human ISWI complex from HeLa nuclear extracts The Drosophila ISWI complexes have all been identi®ed with chromatin remodelling assays. However, crude HeLa cell nuclear extract or crude fractions thereof showed no chromatin remodelling activities in such assays (data not shown). This possibly is due to inhibitors of activity. We therefore decided to purify human ISWI by following its immunoreactivity with western blot analysis. We generated a rabbit polyclonal antibody against a part of human ISWI isoform hSNF2L that is highly conserved in the other isoform of human ISWI, hSNF2H (see Materials and methods). The antibody recognizes the recombinant epitope and shows one predominant band of~130 kDa in a western analysis of HeLa nuclear extract (data not shown). Since the antibody does not distinguish between the hSNF2H and hSNF2L isoforms of human ISWI (data not shown), we refer to the antibody-recognized protein as human ISWI' (hISWI).
To purify hISWI complexes, we followed chromatographic fractions that contained the highest concentration of ISWI. After two puri®cation steps (see Figure 1A for puri®cation scheme), a gel ®ltration analysis was performed. A 130 kDa protein ( Figure 1C , upper panel, indicated by a cross), which was recognized by the anti-hISWI antibody ( Figure 1C , lower panel), co-puri®ed with a 185 kDa protein (indicated by a bar in the upper panel) at an apparent mol. wt of~800 kDa. Two small proteins, in apparently stoichiometric amounts to each other, with a mol. wt of 15 and 17 kDa, also copuri®ed in the same fractions, with the earliest fraction (23) being more enriched for both proteins ( Figure 1C , middle panel).
The hISWI-containing gel ®ltration fractions were puri®ed further with CM-Sepharose. The eluate contains two large proteins of 130 and 185 kDa, in an apparent stoichiometric ratio ( Figure 1D ). The 185 kDa band is the protein that co-puri®ed with hISWI on the gel ®ltration column ( Figure 1C ). The 15 and 17 kDa proteins also co-puri®ed with hISWI over this last puri®cation step ( Figure 1D , lower panels), although in reduced amounts.
When we fractionated a crude HeLa nuclear extract on a gel ®ltration column, the majority of hISWI runs with an apparent mol. wt of~800 kDa; a minor fraction runs at 300 kDa (data not shown). This suggests that the majority of the total hISWI protein in the nuclear extract is part of the hISWI complex presented here. We cannot, however, exclude that another ISWI complex in the crude extract is running in the same gel ®ltration column fractions.
We estimated, by staining comparison with a protein standard, that the amount of`hISWI complex' on the gel ®ltration column, de®ned as hISWI and the co-purifying proteins of 185, 17 and 15 kDa ( Figure 1C ), is~50 mg, starting from 140 mg of nuclear extract.
ISWI homologue hSNF2H and a protein with homology to Acf1 are part of the hISWI complex Tryptic peptides from the 130 and 185 kDa proteins in the puri®ed hISWI complex were analysed by ion trap mass spectrometry. From the 130 kDa band, the sequences of 38 peptides were identi®ed. Thirty six were speci®c for hSNF2H and two were speci®c for hSNF2L (data not shown), indicating that the hISWI band contains predominantly the hSNF2H ISWI isoform. The minor amount of hSNF2L that co-puri®es with hSNF2H may suggest that at least a fraction of hSNF2L is present in a complex similar to the hSNF2H complex described here.
Eleven peptides were sequenced from the 185 kDa band, nine of which identi®ed a human partial cDNA (DDBJ/EMBL/GenBank accession No. AL050089); the other two peptide sequences identi®ed the partial mouse cDNA from Ct146 (Tate et al., 1998) . The full-length sequence of the human cDNA encoding the 185 kDa protein was determined by combining sequences derived from human expressed sequence tags (ESTs) that matched the identi®ed cDNAs, and sequences derived from reverse transcription of HeLa RNA (see Materials and methods). The protein sequence encoded by the full-length cDNA is shown in Figure 2A . We call this protein human ACF1 (hACF1) because of its high homology to Drosophila Acf1 (Dm Acf1, Figure 2C ). Acf1 is a subunit of the chromatin remodelling complex ACF (Ito et al., 1997) and cooperates with ISWI in the ATP-dependent catalysis of chromatin assembly by ACF (Ito et al., 1999) . We created an antiserum against a 17 amino acid peptide speci®c to hACF1. This antiserum recognizes a 185 kDa protein in HeLa nuclear extracts. Western blot analysis of the Mono S and gel ®ltration fractions with the anti-hACF1 antiserum con®rms the co-puri®cation of hACF1 and hISWI ( Figure 1C , lower panel, and Figure 1B ). Topoisomerases II (topo II) a and b were clearly separated from hISWI and hACF1 on the Mono S column ( Figure 1B) . Furthermore, the antiserum against hISWI co-immunoprecipitates hACF1 (Figure 4) . We conclude that the hISWI isoform hSNF2H is in a complex with hACF1.
The N-terminal part of hACF1 is >90% identical with the protein sequence of the Ct146 mouse cDNA clone (data not shown). The hACF1 gene was localized to chromosome 14q11.2 by¯uorescent in situ hybridization (FISH) analysis (data not shown). Ct146 maps to mouse chromosome 12, band C, which is in conserved synteny with the region on human chromosome 14 to which hACF1 localizes (www.informatics.jax.org). This strongly suggests that Ct146 encodes the N-terminal part of mouse ACF1, the mouse homologue of hACF1. The product of Ct146 was identi®ed recently in a gene-trap screen as a protein concentrated in pericentric heterochromatin at interphase and metaphase in differentiated mouse cells (Tate et al., 1998; see Discussion) .
Human ACF1 and WSTF are members of a novel family of WAL proteins Analysis of the DDBJ/EMBL/GenBank databases revealed three human genes that encode proteins highly related to hACF1 ( Figure 2B ). One gene encodes the WSTF protein (Williams syndrome transcription factor) and is one of (at least) 15 genes that are part of a 1 Mb deletion of human chromosome 7 associated with Williams syndrome, a developmental disorder (Lu et al., 1998; Peoples et al., 1998) . Two hACF-related genes were characterized as`bromodomain adjacent to zinc ®nger domain 2A and 2B' (BAZ2A and BAZ2B; Jones et al, 2000) . This suggests the existence of a family of WSTF/ ACF1-related proteins, which we have named the WAL (WSTF-, ACF1-like) family of proteins. Members of the WAL protein family are characterized by a conserved WAKZ motif (Ito et al., 1999) followed directly by a PHD ®nger motif (Aasland et al., 1995) and a bromodomain (reviewed in Winston and Allis, 1999) near the C-terminus of the proteins ( Figure 2B ). hACF1 and WSTF, in the upper branch of the WAL family tree ( Figure 2C ), contain a WAC motif near their N-terminus (Ito et al., 1999) .
Interestingly, hWALp3, hWALp4 and their Caenorhabditis elegans homologue Ce wal-3 ( Figure 2C ), which are more distant from hACF1 and WSTF, do not contain an N-terminal WAC motif. Instead, hWALp3 contains a sequence named TIP5 (see Discussion; Jansa et al., 1998; HuCHRAC, a novel human ISWI complex and Figure 2B ), in the centre of which we found a 70 amino acid motif ( Figure 2B ; pMBD) that is conserved in the methyl-binding domains (MBD) of human methyl-CpGbinding proteins such as MBD1-4 and MeCP2 (Hendrich and Bird, 1998; G.Dellaire and W.A. Bickmore, unpublished data) . This domain is highly conserved between hWALp3 and hWALp4 (49% identity; Figure 2B , and data not shown). Moreover, the TIP5 sequence is conserved between hWALp3 and Ce wal-3 only in this MBDhomologous domain (39% identity; data not shown).
A set of novel histone-fold proteins interacts with hISWI: evidence for co-puri®cation with the human ISWI complex Two peptides of 15 and 17 kDa co-puri®ed with hISWI ( Figure 1C and D), similar to the co-puri®cation of two small peptides in the Drosophila CHRAC (Varga-Weisz et al., 1997). Homology searches with the sequences of these two Drosophila peptides, named CHRAC-14 and CHRAC-16 (Corona et al., 2000) , revealed human ESTs encoding two novel proteins. The peptide sequence of CHRAC-14 showed close homology to one unknown human 17 kDa protein of 148 amino acids. We call this protein HuCHRAC-17, abbreviated here as p17 (Figure 3 ). CHRAC-16 showed close homology to one 131 amino acid, 15 kDa protein. There was no in-frame stop codon before the ®rst ATG of the open reading frame (ORF) in the EST. Therefore, we cannot exclude the possibility that the actual ORF is larger. However, comparison with the Drosophila homologue suggests that the 131 amino acids represent the full-length ORF of a protein that we call HuCHRAC-15, abbreviated as p15 (Figure 3 ). Comparison with putative histone-fold domains of other proteins indicated that p17 and p15, like their Drosophila homologues, contain a putative histone-fold domain (indicated in Figure 3 ; Baxevanis et al., 1995; genome. nhgri.nih.gov/histones/fold.html, see also below).
We expressed recombinant p17 and p15 in Escherichia coli and used the recombinant protein to raise antibodies. A rabbit polyclonal antibody against recombinant p17 speci®cally recognized and ef®ciently immunoprecipitated a protein of 17 kDa from nuclear extract (Figure 4) . hISWI co-immunoprecipitated in these experiments (Figure 4 ) and the anti-hISWI antibody co-immunoprecipitated p17 (Figure 4 ). Both anti-hISWI and the anti-p17 antibodies co-immunoprecipitated hACF1 and p15, but not topo II a and b (Figure 4) . Furthermore, western blot analysis shows the co-puri®cation of p17 and p15 with hISWI and hACF1 in the Mono S and in the gel ®ltration chromatography (Figure 1B, C and D) . p17 was also present in the CM-Sepharose-puri®ed complex ( Figure 1D , lowest panel). The p15 antiserum was too weak to prove the presence of p15 in the CM-Sepharose fraction, although the silver stain analysis suggests that it co-puri®es in equimolar amounts to p17 ( Figure 1D , middle panel). We conclude that hISWI, hACF1, p17 and p15 are interacting in one complex. In reference to the presence in our hISWI complex of the two histone-fold proteins that were also found in Drosophila CHRAC (Corona et al., 2000) , we call our ISWI complex human CHRAC (HuCHRAC).
HuCHRAC is a nucleosome remodelling factor
We tested whether HuCHRAC could mobilize nucleosomes in an ATP-dependent manner into a regularly spaced nucleosomal array, as was shown for other ISWIcontaining chromatin remodelling factors such as Drosophila CHRAC (Varga-Weisz et al., 1997) and human RSF (LeRoy et al., 1998) . Plasmid DNA was assembled into`irregular' chromatin using Drosophila assembly extracts in the absence of ATP (Varga-Weisz et al., 1997) . Endogenous chromatin remodelling activity was stripped from the chromatin by sarcosyl wash. Subsequently, HuCHRAC or the Drosophila CHRAC complex were added to the chromatin, followed by incubation in the presence or absence of ATP. The chromatin was digested with micrococcal nuclease, which cleaves preferentially in linker DNA but less in nucleosomal DNA. The puri®ed DNA was analysed by Southern blot hybridization. Figure 5 shows that addition of Fig. 3 . HuCHRAC-15 and HuCHRAC-17 are the human homologues of Drosophila CHRAC-16 and CHRAC-14, respectively. The predicted amino acid sequences of HuCHRAC-15 and HuCHRAC-17, abbreviated as p15 and p17, were aligned with the sequences of CHRAC-16 and CHRAC-14, respectively. Identical amino acids are assigned; similar amino acids are indicated by +. Putative histone-fold domains are indicated by shaded boxes. Histone-fold domains for p15 and p17 homologues were assigned by homology to the putative histone-fold domains of CBF-C and HAP5 (p15) or CBF-A and HAP3 (p17). Fig. 4 . Human ISWI co-immunoprecipitates with the p15 and p17 histone-fold proteins and hACF1. Immunoprecipitations from HeLa nuclear extracts with anti-hISWI and anti-p17 antibodies. Immunoprecipitates with pre-immune (PI) or immune (I) sera and 5% input were western blotted and probed with antibodies against hISWI, p17, ACF1, p15, topo IIa and b, as indicated.
HuCHRAC, a novel human ISWI complex
HuCHRAC created a more regularly spaced nucleosomal array, as compared with the control. The nucleosome spacing activity of HuCHRAC is strictly ATP dependent and is qualitatively and quantitatively similar to the remodelling activity of Drosophila CHRAC. We conclude that HuCHRAC is a chromatin remodelling factor.
HuCHRAC has DNA-dependent ATPase activity, which is enhanced >3-fold when the DNA is packaged into nucleosomes (data not shown). This was to be expected since recombinant Drosophila ISWI is a nucleosome-dependent ATPase by itself (Corona et al., 1999) . Addition of recombinant p15±p17 complex (see below) to HuCHRAC did not have a signi®cant effect on the chromatin-dependent ATPase activity or the nucleosome spacing activity of HuCHRAC (data not shown).
Recombinant p15 and p17 form a complex that binds DNA but not nucleosomes The histone fold is a conserved protein structural motif which allows dimerization of two proteins carrying this motif Baxevanis et al., 1995) . A putative histone-fold domain in p15 (indicated in Figure 3 ) has similarity to the suggested histone-fold domains of CBF-C, a subunit of the CCAAT-binding factor, yeast activator HAP5 and NC2a, the dimerization partner of NC2b (Zemzoumi et al., 1999) . The putative histone-fold motifs of CBF-C, HAP5 and NC2a are of the histone H2A type. The putative p17 histone-fold domain is similar to the suggested histone-fold domains of CBF-A, yeast transcriptional activator HAP3 and NC2b (Maity and de Crombrugghe, 1998) , which are of the histone H2B type. This suggests that p15 and p17 can form a histonefold complex of the H2A±H2B type.
To test if the ISWI-associated peptides p15 and p17 interact directly with each other, we co-expressed both proteins in E.coli, each having different tags: GST with p17, and His tag, S tag and haemagglutinin (HA) tag with p15 (`S-p15-HA'; see Materials and methods). The bacterial lysate was incubated with glutathione± Sepharose beads to bind GST±p17. p17 was released by thrombin protease cleavage. Figure 6A , lane 1 shows that the thrombin cleavage released two proteins. Western blot analysis with the anti-p17 antibody and an anti-HA antibody con®rmed that the lower band was p17 and the upper band was S-p15-HA (data not shown; thrombin also cleaves off the His tag from S-p15-HA). A lysate of bacteria expressing only p15 released no protein upon cleavage with thrombin ( Figure 6A, lane 3) . The p17±S-p15-HA complex was then bound to an S-protein resin. Cleavage by enterokinase-protease released the puri®ed p17±p15-HA from the S-column ( Figure 6A, lane 2) . We conclude that p15 and p17 form a stable complex. Because histone-fold type proteins interact with each other via the histone-fold domains Baxevanis et al., 1995) , it is very likely that this is also true for the p15±p17 complex.
To investigate a possible function of the histone-fold proteins within HuCHRAC, we tested the DNA-binding capacities of the recombinant p15±p17 complex. Addition of the p15±p17 complex to a randomly chosen 150 bp, 32 Pend-labelled DNA fragment caused a de®ned shift of the DNA to lower mobility in acrylamide gels ( Figure 6B , lanes 2 and 7). In contrast, addition of the same amounts of p15 or p17 alone did not cause a signi®cant DNA shift (lanes 5 and 6). Also, when p15 and p17, both puri®ed separately, were added together, no DNA shift occurred (data not shown), suggesting that p15 and p17 monomers do not bind each other in the reaction conditions used here. An excess amount of unrelated plasmid DNA outcompeted binding of the p15±p17 complex to the 150 bp fragment ( Figure 6B, lane 3) , suggesting that the complex does not bind to a speci®c sequence in the 150 bp fragment. Addition of anti-HA-antibody to the p15-HA± p17±DNA complex supershifted part of the p15-HA±p17± DNA complex (lane 9, supershift indicated by *). Addition of excess HA-peptide avoided the supershift by competition with the HA tag of p15-HA (lane 10). Titration experiments revealed that the dissociation constant of the p15±p17±DNA complex is in the submicromolar range, indicating a high af®nity of p15±p17 for DNA (data not shown). These data show that the p15±p17 complex, but not its components, binds strongly to DNA to form a complex that causes a distinct DNA shift. Pull-down experiments using magnetic beads coupled to the same 150 bp DNA fragment, either`naked' or assembled into a nucleosome, con®rmed the DNA-binding capacity of p15± p17, but indicated that the complex did not interact well with nucleosomes ( Figure 6C ).
The relative levels of p15 and p17 mRNA are correlated in different human tissues If p15 and p17 are in a complex in vivo, one would predict that their relative expression levels in different tissues are related. We measured the levels of p15-coding mRNA and p17-coding mRNA in different human tissues by northern blot analysis, using labelled coding Fig. 5 . HuCHRAC has nucleosome spacing activity. The indicated amounts of HuCHRAC or Drosophila CHRAC were added to sarkosylstripped chromatin DNA, assembled in Drosophila embryo extracts without ATP. Addition of ATP was as indicated. After the chromatin remodelling reaction, DNA was digested for 30 or 60 s with micrococcal nuclease, separated on a 1.3% agarose gel, Southern blotted and probed with random labelled input DNA.
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cDNA sequences for p15 and p17, respectively. As shown in Figure 7 , p15 and p17 mRNA are expressed in all the tissues tested. p15 and p17 mRNA levels, standardized to b-actin mRNA levels, are variable but parallel in different tissues ( Figure 7 ).
Discussion
HuCHRAC is a human chromatin remodelling complex with subunit homology to Drosophila chromatin remodelling complexes We describe a novel chromatin remodelling complex from HeLa nuclear extract, HuCHRAC. HuCHRAC contains four subunits, all of which are homologous to proteins previously found in the Drosophila chromatin remodelling complexes ACF and/or CHRAC. HuCHRAC contains predominantly the hISWI isoform hSNF2H. We found minor amounts of the hSNF2L isoform, suggesting that at least a fraction of hSNF2L is present in a HuCHRAC-like complex. The 185 kDa subunit of HuCHRAC is hACF1, the human homologue of Drosophila Acf1, the large subunit of the chromatin remodelling complex ACF (Ito et al., 1999) . Drosophila Acf1 is also the 185 kDa subunit of CHRAC (S.Ferrari, A.Eberharter, T.Straub, P.Varga-Weisz and P.B.Becker, in preparation). Drosophila Acf1 is required for optimal in vitro nucleosome assembly activity of ISWI (Ito et al., 1999) . HuCHRAC also contains two putative histone-fold proteins, p15 and p17, which are the human homologues of novel proteins identi®ed in the Drosophila CHRAC complex (Corona et al., 2000) . However, HuCHRAC and Drosophila CHRAC seem to be different in one respect: whereas the Drosophila complex was reported to contain a dimer of topo II (Varga-Weisz et al., 1997), HuCHRAC does not contain topo II. We show that topo IIa and topo IIb do not co-purify with HuCHRAC and do not coimmunoprecipitate with hISWI and p17. The absence of topo II does not alter the nucleosome spacing activity of HuCHRAC, as compared with Drosophila CHRAC. Also, the gel ®ltration behaviour of HuCHRAC is similar to that of its Drosophila counterpart (Varga-Weisz et al., 1997; this study). Recent observations on Drosophila CHRAC support our ®ndings: topo II could be removed from CHRAC without affecting its gel ®ltration pro®le or catalytic activity (S.Ferrari, A.Eberharter, T.Straub, P.Varga-Weisz and P.B.Becker, in preparation).
The conservation of subunit composition in ISWI-containing chromatin remodelling factors from¯y embryos to human carcinoma cells suggests that these factors have biological roles that are common between these divergent organisms at different developmental stages. In addition, it argues against a`promiscuous' ISWI ATPase, and suggests that ISWI interacts with a limited set of proteins.
Recently, three other hSNF2H complexes have been described: RSF, a two-subunit complex containing RSF325, which is unrelated to any known protein (LeRoy et al., 1998) ; WCRF (Bochar et al., 2000) ; and human ACF (LeRoy et al., 2000) . WCRF and hACF are both puri®ed from HeLa nuclear extract as two-subunit complexes containing hACF1 (named as WCRF180 and BAZ1A, respectively). Although their reported subunit composition is identical, gel ®ltration analysis suggests that hACF has an apparent mol. wt of 300±400 kDa while WCRF runs as a 600±700 kDa complex (Bochar et al., 2000; LeRoy et al., 2000) . HuCHRAC differs from WCRF/hACF in the presence of the p15±p17 putative histone-fold pair. An explanation for this discrepancy may be that p15±p17 are loosely associated with HuCHRAC and therefore easily lost, as happened partially in our ®nal puri®cation step ( Figure 1D ). We also ®nd that p15±p17 are enriched in early hISWI-containing gel ®ltration fractions ( Figure 1C, fraction 23 ). This may suggest loss of p15±p17 from a fraction of the hISWI complexes, presumably causing their later gel ®ltration elution due to a smaller size. Alternatively, WCRF and/or hACF do contain p15±p17, but they have remained undetected, due to their small size.
Human ACF1 is a member of a family of related proteins, which may target heterochromatin We ®nd three human proteins related to hACF1: WSTF and two uncharacterized proteins, which we named hWALp3 and hWALp4, being the third and fourth human members of a family of WAL proteins ( Figure 2B and C). All human WAL family members have a WAKZ motif (Ito et al., 1999) followed directly by a PHD ®nger, and a C-terminal bromodomain. PHD ®ngers and bromodomains are found in many proteins that function in chromatin remodelling processes and that have been suggested to interact speci®cally with chromatin components (Aasland et al., 1995; Winston and Allis, 1999) .
Human and Drosophila Acf1, and WSTF contain the WAC motif at their N-terminus, a novel protein domain of unknown function (Ito et al., 1999) . Recently, the N-terminal 400 amino acids of the mouse homologue of hACF1 (encoded by Ct146) were isolated by a genetrapping strategy (Tate et al., 1998) . The ACF1 N-terminal peptide fused to a reporter localized to pericentric heterochromatin in differentiated mouse cells (Tate et al., 1998) . Of the >100 nuclear peptides isolated with this strategy, only 2% are targeted to this location and, where tested, their speci®c nuclear localization faithfully re¯ected the localization of the endogenous protein (McDowell et al., 1999; W.A.Bickmore, unpublished data) . The WAC motif is the only obvious conserved domain in this N-terminal sequence of mouse ACF1 (Ito et al., 1999; this study) , suggesting that this domain may be suf®cient for targeting to pericentric heterochromatin. By extrapolation, hACF1 may target HuCHRAC to heterochromatin, where its remodelling activity could play a role in the assembly, disassembly or maintenance of the local chromatin structure.
hWALp3, hWALp4 and their C.elegans homologue Ce wal-3 have a different amino acid sequence at their N-terminus. hWALp3 contains the TIP5 (TTF1-interacting peptide 5) sequence, which interacts with TTF-I, an RNA polymerase I (pol I) transcription factor (Jansa, 1998;  Figure 2B ). Nucleosome-bound TTF-I synergizes with ATP-dependent co-factors, present in Drosophila embryo extracts and mouse cell extracts, to position a nucleosome over the transcription start site, which is a prerequisite for transcription activation (La Èngst et al., 1998, and references therein) . This opens up the possibility that a chromatin remodelling complex containing hWALp3 is targeted to pol I promoters by TTF-I via the TIP5 peptide in hWALp3.
Interestingly, hWALp3 and hWALp4 contain an amino acid motif that is homologous to the MBD of methylated DNA-binding proteins, such as MeCP2 (Lewis et al., 1992) . Methylated DNA is found primarily in transcriptionally repressed chromatin and heterochromatin (for a review see Bird and Wolffe, 1999) . MeCP2 is targeted speci®cally to methylated CpGs in the pericentric heterochromatin of mouse cells via its MBD (Nan et al., 1996) . We suggest that all members of the WAL protein family have a heterochromatin-targeting domain: the WAC motif in ACF1 and WSTF and the putative MBD in WALp3 and WALp4.
Possible in vivo functions of HuCHRAC
Although a number of ISWI complexes have been puri®ed from different organisms, the in vivo function of ISWI is unclear. Experiments with Drosophila ACF and NURF (Ito et al., 1997; Mizuguchi et al., 1997) and human RSF (LeRoy et al., 1998) have shown that these ISWI complexes can facilitate transcription initiation on a chromatin template in vitro. However, ISWI does not colocalize with RNA polymerase II on Drosophila polytene chromosomes , suggesting that it is not generally required for transcription initiation in vivo. A characteristic feature of several ISWI-containing complexes is their capacity to assemble a spaced nucleosomal array. The ®nding that human ISWI co-puri®es with a protein that has a heterochromatin-targeting domain raises the possibility that the nucleosome spacing activity of ISWI has a function in the formation or maintenance of heterochromatin, which is characterized by very regularly spaced nucleosomes (Cryderman et al., 1999) . Mutations in the ISWI protein caused decondensation of the Drosophila male X chromosome, suggesting a function for ISWI in the maintenance of higher order chromatin structure .
Alternatively, HuCHRAC components may be stored at sites of heterochromatin, but function elsewhere in the genome. Another mammalian protein, ATRX, the sequence of which suggests that it may be a chromatin remodelling factor, was found to be located predominantly at sites of constitutive heterochromatin in human and mouse cells (McDowell et al., 1999) . However, the phenotype of individuals with mutations in ATRX demonstrates a role for this protein in the expression of genes located in euchromatin (e.g. a-globin).
The functional relevance of the two small histone-fold proteins in Drosophila and human CHRAC is unclear. Addition of extra, recombinant, p15±p17 complex to HuCHRAC did not improve or alter its chromatin remodelling activities in the assays we performed. This was not unexpected since Drosophila ACF, which lacks the histone-fold proteins, has remodelling activities similar to those described for HuCHRAC and Drosophila CHRAC (Ito et al., 1999) . The DNA-binding properties of the p15±p17 complex possibly are relevant for incorporation of p15±p17 into chromatin, aided by the nucleosome remodelling activity of hSNF2H plus hACF1. The proposed targeting of HuCHRAC to heterochromatin via hACF1 may provide the speci®city in this process.
Materials and methods
Antibodies hSNF2L cDNA encoding amino acids 647±884 of the hSNF2L-2 protein (Okabe et al., 1992 ; cDNA provided by ATCC, IMAGE consortium clone ID 79559) was cloned into pGEX-4T-3 (Pharmacia) and expressed as a GST fusion protein in E.coli strain BL21 (DE3) (Harper and Speicher, 1997) . The fusion protein was injected into rabbits as washed inclusion bodies (Harlow and Lane, 1988) . Full-length p17 cDNA was ampli®ed by PCR from a p17 cDNA-containing plasmid (IMAGE consortium clone ID 291522; Lennon et al., 1996) . p17 cDNA was cloned into pGEX-4T-3 (Pharmacia) and expressed as a p17±GST fusion protein in BL21 (DE3) (Harper and Speicher, 1997) . Soluble p17±GST was injected into rabbits for antibody production. The p15-encoding ORF in p15 cDNA (IMAGE consortium clone ID 40740) was ampli®ed by PCR and inserted into vector pRK-3HA-10His. This places one HA tag at the C-terminus of p15. The p15 coding region together with the C-terminal HA epitope tag were ampli®ed from pRK-p15-HA-His10 by PCR, inserted into the pET-30 Ek/ LIC plasmid (Novagen) and expressed in BL21 (DE3). Anti-p15 antiserum was raised by injection of recombinant S-p15-HA-containing inclusion bodies into rabbits. Antiserum against hACF1 was raised by injection of the peptide RQKPPADLRPDEEVFYC (amino acids 10±26) coupled to keyhole limpet haemocyanin into rabbits. Polyclonal rabbit anti-topo IIa and b antibodies were from Biotrend, Cologne.
Puri®cation of HuCHRAC
Nuclear extract from HeLa S3 cells was prepared as described by Dignam et al. (1983) . A 20 ml nuclear extract (140 mg protein) in 100 mM KCl (BC-100): 20 mM HEPES pH 7.6, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 3 mM dithiothreitol (DDT), 0.2 mM phenylmethylsulfonyl uoride (PMSF) was loaded onto a 20 ml P11 cellulose phosphate column (Whatman). The column was washed with BC-100 and step-eluted with BC-300, BC-500 and BC-850. The BC-850 fraction was diluted with BC-0 to 150 mM KCl and fractionated on an 8 ml Mono S column (Pharmacia) with a salt gradient from 150 mM to 1 M KCl in Mono S buffer: 20 mM HEPES pH 7.6, 1 mM MgCl 2 , 10% glycerol, 0.5 mM EGTA, 0.1 mM EDTA, 1 mM DTT. ISWI-containing fractions were size fractionated with a 25 ml Superose 6 gel ®ltration column (Pharmacia), as described (Varga-Weisz et al., 1997) . Human ISWI-containing fractions (23 + 24) in Mono S-200 were loaded onto CM-Sepharose Fast Flow (Pharmacia, 0.2 ml). The column was washed with Mono S-200 and eluted with Mono S-450.
Tryptic digestion, nanoLC ion trap mass spectrometry and sequencing SDS±PAGE excised bands were subjected to in-gel reduction, carboxyamido methylation and tryptic digestion (Promega). Multiple peptide sequences were determined in a single run by microcapillary reverse-phase chromatography directly coupled to a Finnigan LCQ DECA quadrupole ion trap mass spectrometer equipped with a custom nanoelectrospray source. The column was packed in-house with 5 cm of C18 support into a New Objective one-piece 75 mm i.d. column terminating in a 15 mm tip. The¯ow rate was 190 nl/min. The ion trap was programmed to acquire full scan MS surveying the range 395±1295 m/z, followed by successive sets of two data-dependent scans on the three most abundant ions in that survey. MS/MS spectra were acquired with a relative collision energy of 30%, an isolation width of 2.5 Da and recurring ions dynamically excluded. Interpretation of the resulting MS/ MS spectra of the peptides was facilitated by database correlation with the algorithm SEQUEST (Eng et al., 1994) and programs developed in the Harvard Microchemistry Facility (Chittum et al., 1998) .
Bioinformatic analysis EMBL, GenBank and EST databases were queried with the BLAST 2.0 algorithm (www.ncbi.nlm.nih.gov; Altschul et al., 1997) . Protein domain and motif analysis was done with PROSITE (www.isrec.isb-sib.ch) and the pileup analysis and phylogeny trees were constructed with the PILEUP and PAUPSEARCH programs (GCG 10 package; www.hgmp.mrc.ac.uk). Chromosomal localization was through crossreferencing matching ESTs with the radiation hybrid mapped ESTs found in the UniGene database (NCBI web server). The C.elegans WALp proteins were determined using the BLAST algorithm against the WORMPEP database (www.sanger.ac.uk).
Sequence analysis of hACF1
An RT±PCR (Superscript-One Step RT±PCR, Gibco-BRL) was set up with primers complementary to the 3¢ end of EST AA765931 (the 3¢ end of the human homologue of mouse Ct146, Tate et al., 1998) , and the 5¢ end of EST AL050089, and 1 mg of HeLa total RNA as template. The resulting band was gel puri®ed (Qiagen) and used directly as a template for PCR cycle sequencing (Big-Dye, Perkin-Elmer Cetus). The fulllength cDNA sequence for hACF1 was determined by joining ESTs with the sequences obtained using RT±PCR analysis. Experimental details are available on request.
Immunoprecipitations A 60 ml aliquot of anti-hISWI, anti-p17 serum or pre-immune serum was added to 210 ml of HeLa nuclear extract in BC buffer with 300 mM NaCl + 5 ml of 503 CompleteÔ protease inhibitor (Roche) and incubated for 2 h on ice. Protein A±Sepharose CL-4B beads (Pharmacia) were washed twice with IP-400 (20 mM HEPES pH 7.6, 5 mM MgCl 2 , 400 mM KCl, 0.1 mM EDTA, 1 mM DDT, 0.1% NP-40, 20% glycerol), once with IP-400 + 1 mg/ml ovalbumin, and 25 ml of washed beads were added to the serum plus nuclear extract and mixed for 2 h at 4°C. Beads were washed four times with 400 ml of IP-400, once with 150 ml of IP-150 and boiled with 40 ml of Laemmli buffer. Supernatants were analysed by western blotting.
Recombinant p15 and p17 proteins BL21 (DE3) cells containing pET-30-p15-HA (see above) and pGEX-p17 (see above) were induced at an OD 600 of 0.5 with 1 mM isopropyl-b-Dthiogalactopyranoside (IPTG) and harvested after 3 h at 37°C. The p15± p17 complex was puri®ed using glutathione±Sepharose 4B (Pharmacia; Harper and Speicher, 1997) and released from the resin with thrombin protease (Pharmacia, 60 U/ml resin), which cleaves between the GST tag and the fused protein (in this case p17). The p15±p17 complex was puri®ed further with S-protein±agarose (Novagen) according to the manufacturer's instructions. Ten units of enterokinase-protease (Novagen, which cuts between the S tag and the fusion protein) was added to 1 ml of resin in a total volume of 2 ml and mixed for 10 h at room temperature. Enterokinase was removed with 0.5 ml of Ekapture±agarose (Novagen). Protein expression and puri®cation of p15-HA alone with S-protein±agarose was as described above followed by chromatography with a 1 ml Mono Q column (Pharmacia). p17 protein alone was puri®ed from BL21 (DE3) cells expressing p17±GST (see above) by release from glutathione±Sepharose 4B resin with thrombin cleavage.
Gel shift analysis A DNA fragment, 150 bp in size and randomly chosen (sequence available upon request), was generated by PCR with one 32 P-end-labelled primer. Binding was in 20 mM HEPES pH 7.6, 0.5 mM EDTA, 0.05% NP-40, 10% glycerol, 60 mg/ml acetylated bovine serum albumin (BSA; Sigma) plus 4.4 ng of a 150 bp 32 P-labelled DNA fragment and 17.5 ng or excess (1 mg) of unrelated, unlabelled, plasmid DNA of 5.2 kb and the indicated amounts of p17, p15-HA or p15-HA±p17 complex, in a reaction volume of 8 ml. Mobility shift analysis was performed by electrophoresis through a 4% acrylamide gel in 0.53 TBE at 4°C. The p15-HA±p17 complex was supershifted with 0.3 mg of monoclonal anti-HA antibody (Roche). The supershift was competed with 4 mg of HA-peptide (Roche). Mononucleosomes were assembled on the same 150 bp fragment with puri®ed HeLa histones by the salt dialysis method (Varga-Weisz et al., 1999) .
Binding studies with DNA and nucleosomes coupled to magnetic beads The same 150 bp DNA fragment as used in the gel shift analysis (see above) was generated by PCR with one primer having a biotinylated nucleotide at its 5¢ end. This fragment was either coupled directly to streptavidin-coated magnetic beads or ®rst assembled into a nucleosome, as described (Varga-Weisz et al., 1999) . A 100 ng aliquot of beadcoupled naked DNA, or nucleosomal DNA, or the equivalent amount of uncoupled beads was washed twice with 0.5 ml of washing buffer (20 mM HEPES pH 7.6, 0.5 mM EGTA, 0.05% NP-40, 10% glycerol, 1 mM DTT) and resuspended in 10 ml of binding buffer (20 mM HEPES pH 7.6, 0.5 mM EGTA, 0.1 mM EDTA, 0.2 mM MgCl 2 , 20 mM KCl, 0.04% NP-40, 10% glycerol, 1 mM DTT) containing 0.4 mg of p17±p15 complex. After mixing for 1 h at 4°C, the beads were washed four times with 20 ml of washing buffer. Bound proteins were extracted by boiling in Laemmli buffer and analysed by western blot with a monoclonal anti-HA antibody (Roche) against HA epitope-tagged p15, or the p17 antibody.
Northern blots
Northern blot analysis was with a Human Multiple Tissue Northern Blot from Clontech, California, with~2 mg of poly(A) + RNA per lane. The blot was probed with 32 P-labelled ORF cDNA of p15 or p17, or human b-actin cDNA, according to the manufacturer's protocol. Labelling was with the High Prime DNA labelling kit (Roche).
Chromatin assays
The nucleosome spacing assay using HH4.8 plasmid DNA was essentially as described (Varga-Weisz et al., 1997 , 1999 . Nucleosome spacing reactions were assembled by adding 40 ml of HuCHRAC (Superose 6 fraction) or Drosophila CHRAC in Ex100 (20 mM HEPES pH 7.6, 100 mM KCl, 5 mM MgCl 2 , 0.5 mM EGTA, 10% glycerol, 1 mM DTT) to 10 ml of sarkosyl-stripped chromatin in Ex120 (contains~40 ng of DNA). Quantities of HuCHRAC or Drosophila CHRAC added to the reaction (in fmol) were estimated from silver-stained SDS±gels, using BSA as a standard. A 1 ml aliquot of 100 mM ATP in Ex120 or of Ex120 was added to the reaction and the mixture was incubated at 28°C for 1 h. The chromatin was digested at 28°C by addition of 70 ml of micrococcal nuclease (50 U/ml in Ex120/5 mM CaCl 2 ), for 30 s or 1 min before reactions were stopped. Puri®ed DNA was analysed by Southern blot (Varga-Weisz et al., 1995) .
Accession numbers
The following nucleotide sequences have been deposited in the DDBJ/EMBL/GenBank database: hACF1, accession No. AF213467; HuCHRAC-15, accession No. AF226076; HuCHRAC-17, accession No. AF226077
